Abstract: This study used the Night Light Development Index (NLDI) to measure the regional inequality of public services in Mainland China at multiple scales. The NLDI was extracted based on a Gini Coefficient approach to measure the spatial differences of population distribution and night light distribution. Population data were derived from the dataset of China's population density grid, and night light data were acquired from satellite imagery. In the multi-scale analysis, we calculated the NLDI for China as a whole, eight 
Introduction
China has experienced fast economic growth and urbanization since the end of the 1970s when the Reform and Opening policy was officially implemented. Although China's economy is growing rapidly, its uneven spatial pattern is evident. In China, strong contrasts exist between East and West, rural and urban regions, and even between different districts of the same city. Unequal regional development may cause social instability that hinders sustainable development [1, 2] . Therefore, it is important to measure the regional inequality of China. Scholars attempted to measure this inequality with socioeconomic indicators such as Gross Domestic Product (GDP), GDP per capita, consumption, and investment [3] [4] [5] [6] [7] [8] .
A number of studies revealed that China's regional inequality had increased since the 1990s and began to decline after 2004 [9, 10] . However, a new study found that much of the apparent increase in regional inequality and the reversal since 2005 is a statistical artifact due to using the registered population rather than the resident population [11] .
Recently, researchers have realized that public services are important for sustainable development [12] [13] [14] [15] , and studies have consequently been carried out measuring regional inequality of public services such as education and health care in China [16] [17] [18] [19] . Nearly all the previous studies used regionally aggregated indicators to measure the regional inequality. For example, provincial data were used to measure the regional inequality of China as a whole [10, 20] , and prefectural or county data were used to measure the intra-provincial inequality [21, 22] . This strategy does not account for the intra-regional inequality of the basic unit (e.g. prefectural cities), and therefore the inequality of these units was unknown. It is difficult to get disaggregated data for these basic units, especially at the prefectural scales, thus the intra-regional inequality is unknown.
In contrast to daytime remote sensing which is widely applied in land cover mapping [23] [24] [25] [26] [27] [28] , climate change analysis [29, 30] , and disaster management [31] , night light remote sensing is an emerging technique that can potentially provide spatially continuous socioeconomic indicators because human activities are strongly correlated to night light [32, 33] . Night light remote sensing has been widely used in many fields including socioeconomic parameter estimation [34] [35] [36] , urbanization evaluation [37, 38] , fishing boat mapping [39] , land cover mapping [40] [41] [42] [43] , and humanitarian disaster evaluation [44] [45] [46] . This technique provides an opportunity to map spatial distribution of GDP [47, 48] , energy consumption [49, 50] , and public services [51, 52] . For China studies, the night light remote sensing has played an important role for evaluating the urbanization. As brightness of the land surface at night can help to discriminate urban areas from non-urban areas, extracting the urban extent by using a threshold applied in night time imagery has proved effective [38, 53] . Therefore, multi-temporal night light images have been widely used to study China's rapid urbanization process.
Based on this approach, Gibson and his colleagues found that the annual expansion rate of China's lit area in 287 prefectural cities during 1993-2012 is 8%, which is higher than 5% from official statistical yearbooks [37] . Yi and his colleagues proposed an Urban Light Index (ULI) to evaluate the urbanization process in 34 prefectural cities in Northeast China. They found that the ULI has increased during 1992-2010, and the urbanization is most significant during 2004-2010 [54] . Huang and his colleagues made use of night light images to evaluate city size and rank in China during 1992-2008, they found that the distribution of city sizes became more even during the period and the greatest change in city size distribution occurred during 2000-2003 [42] . Tan investigated the spatial pattern of China's urbanization during 1992-2010 using night light images. He found that the urban areas expanded much more quickly in the 2000s than the 1990s, and Eastern China had the most rapid urban growth in 1990s, while Middle China had the highest rate in the 2000s [55] .
Since night light is an indicator of a number of socioeconomic parameters, the spatial disparity of night light has the potential to reflect the spatial disparity of development. A night light development index (NLDI) has been proposed to quantify the difference between population distribution and wealth distribution, the results of which are used to infer regional inequality [56] . The NLDI has been used to measure the inequality at national, sub-national, and gridded scales. One major advantage of NLDI is that the spatial inequality can be calculated at fine spatial scales. For example, Zhou and his colleagues used aggregated night light and population census data to measure the intra-regional inequality of China's 30 provinces for 2010 [57] , and Liu and his colleagues utilized night light images to measure the development disparity of different ethnic groups in China during 2000-2013 [58] . In this study, night light is viewed as an indicator of public services rather than GDP. This is because: (1) the major component of night light is public lighting [59] , which can reflect regional public services [51, 52] , and regions with poor lighting can be viewed as regions with poor public services; (2) although night light is strongly correlated with GDP at large scales such as administrative regions and coarse spatial resolution grid, the relationship at finer scales remains unknown; and (3) GDP in agricultural sectors is poorly related to night light [33, 60] , as rural areas in developing countries are typically totally dark at night. For these reasons, night light is a good proxy for public services rather than GDP, and thus can help to evaluate public services with regard to their regional inequality. The purpose of this study was to measure the regional inequality of public services inside multi-scale regions and their changes during 2005-2010, using spatially continuous night light and population density grid data.
Study Area and Data

Study Area and Original Data
In this study, we make analysis at four scales, China as a whole, economic regions, provinces, and prefectural cities. China comprises 34 provincial regions, including 31 provinces in Mainland China, as well as Hongkong, Macau, and Taiwan. This study only focused on the 31 provincial regions in Mainland China. Hongkong, Macau, and Taiwan were excluded due to the lack of population density grid data. In China, provinces are the first-level administrative regions, and prefectural cities are the second level. All prefectural regions are included in this study. In China, counties are generally under governance of prefectural cities, but there are some counties that do not belong to any prefectural cities, which are called provincial counties. Therefore, all provincial counties (or the regions at the same level) are viewed as prefectural cities, which compose China's administrative regions at the second level. Four cities of Beijing, Tianjin, Shanghai, and Chongqing, directly under governance of the central government, are viewed as prefectural cities in the prefectural analysis. In total, 355 cities and counties were defined as prefectural cities. However, Ge'ermu City in Qinghai Province with no population density grid data available was excluded from this study. Thus, a total of 354 prefectural cities were used for the analysis.
Eight economic regions have been defined by China's Development Research Center of the State Council [61] , and used in existing studies [38] . Table 1 lists the eight economic regions with their provincial members, and Table 2 lists the number of prefectural cities in different provinces. Figure 1 shows the map of the provincial and economic regions, and Figure 2 shows the map of the prefectural cities in China. Figure 2 . The distribution of the prefectural regions of China. South China Sea Islands are not included in this map as they are excluded from analysis in this study and this map is not a map for the entire regions of China.
Population density grid and night light imagery were used to calculate regional inequality. The population grid images with a spatial resolution of 1 km for 2005 and 2010 were downloaded from Global Change Research Data Publisher & Repository [62] . The population grids describe the residential population but not the registered population (Hukou population), so that it represents where people actually live.
The night light images for 2005 and 2010, with a spatial resolution of about 1 km, were derived from the annual composite product of Defense Meteorological Satellite Program's Operational Linescan System (DMSP/OLS), and were downloaded from National Geophysical Data Center [63] . To avoid radiometric problems such as over-saturation that occurs in urban centers [64, 65] , we used the radiance calibrated product. Compared to the traditional DMSP/OLS stable products [66] , the radiance calibrated product provides much better radiometric attributes so that it quantifies the actual night light more accurately. Unfortunately, the radiance calibrated product is not available for 2005. However, the data for 2004 and 2006 are available, so we generated an estimated radiance calibrated product for 2005 by averaging the products from 2004 and 2006. This averaging operation can be viewed as simple linear interpolation to estimate the night light in 2005. It is worth noting that the radiance calibrated product is deemed to be unitless. All the geographic data were projected to the Albers Conical Equal Area Projection.
Aggregating Night Light Images and Population Grids
A previous study showed that the DMSP/OLS night light images have a spatial error of about 2 km [67] . Although that study did not utilize the radiance calibrated products we used, we should be cautious regarding the potential spatial mismatch between the night light images and population grids. To reduce the spatial mismatch, we aggregated the data using an 8 × 8 pixel window, producing night light and population data on an 8 km grid. Thus the spatial error is likely much less than 0.5 pixel. Although some spatial details are suppressed after the aggregation process, the general difference between the night light and population grid remains, and thus the aggregated data are still effective to measure the regional inequality 
Methodology
We employed the Night Light Development Index (NLDI) to measure the regional inequality of public services from population density grid and night light [56] . The NLDI is based on the concept of the Gini Coefficient that (1) the regional inequality is high if a minority of residents live in an area producing the majority of the night light; (2) the regional inequality is low if the spatial distribution of night light is highly consistent with the spatial distribution of the population density [56] ; and (3) the NLDI is between 0 and 1, where 0 represents perfect equality and 1 represents extreme inequality.
The following three steps were conducted to calculate the NLDI for a certain region. First, areas with a zero population density were excluded from the analysis, since such areas are not relevant to our study. Second, a Lorenz Curve was extracted, showing the relationship between cumulative population and cumulative night light. Finally, the Lorenz Curve was used to calculate the NLDI, as shown in Figure 7 .
The NLDI for Mainland China as a whole, the eight economic regions, the 31 provincial regions, and the 354 prefectural regions were extracted for both 2005 and 2010. As an example, the Lorenz Curve for Mainland China for 2005 is presented in Figure 8 . 
Results and Discussion
Regional Inequality of the Economic Regions
The NLDI for Mainland China and the eight economic regions was derived as shown in Table 3 and increase: NLDI NLDI 0.01
NLDI decreased in seven out of eight economic zones (i.e., NCC, MRYLR, NEC, MRYTR, SCC, SWC, and NWC), indicating an increase in the equality of public services. Among these regions, Northwest China had the largest NLDI decline, indicating that regional equality was most improved in this region. Eastern Coastal China (ECC) is the only region with an NLDI increase, indicating that the regional inequality increased during the period. For Mainland China as a whole, NLDI declined from 0.6161 to 0.5743 between 2005 and 2010, indicating that public services became more equally distributed over Mainland China during this period. 
The Regional Inequality of Provincial Regions
The NLDI of the 31 provinces for 2005 and 2010 are shown in Table 4 and in Figures 11 and 12 . Table 4 shows that Beijing, Shanghai, Tianjin, Hebei, and Liaoning have the lowest NLDI values for 2005, indicating public services were most equally distributed in these regions at that time. For 2010, the lowest NLDI provinces were Beijing, Shanghai, Shandong, Hebei, and Henan. In contrast, Sichuan, Yunnan, Guangxi, Gansu, and Xizang (Tibet) have the highest NLDI for 2005. But in 2010, the highest NLDI provinces are Xizang, Sichuan, Guizhou, Inner Mongolia, and Chongqing for 2010. These highest NLDI provinces, except Inner Mongolia, are all located in Southwest China (SWC) and Northwest China (NWC) for both 2005 and 2010, emphasizing the patterns previously found in the economic regions, indicating public services are most unequally distributed in SWC and NWC. Specifically, Xizang is the only provincial region with NLDI larger than 0.8 for both 2005 and 2010. Comparing the NLDI data for 2005 and 2010 using the categorization in Equation (1), we found that nine provinces have increased NLDI, one province has constant NLDI, and 21 provinces have decreased NLDI. This finding shows that the number of provinces becoming more equal is larger than the number of provinces becoming more unequal. Among the ten provinces in Southwest China and Northwest China, nine provinces decreased NLDI during 2005-2010, and only one province (Chongqing) increased NLDI. This trend demonstrates that the regional inequality of Western China was reduced during the period.
We also generated histograms of the NLDI of the provinces to investigate their distribution as shown in Figure 13 . We found that the provincial NDLI is concentrated in the range 0.3-0.7 for both 2005 and 2010. By comparing the two histograms, the number of provinces with NLDI between 0.7 and 0.8 has been greatly reduced, from three provinces to zero. This reduction is a major contribution of NLDI reduction over Mainland China. We hypothesize that the regional inequality at the provincial scale shown in Figures 11, 12 is related to population density variations: Beijing, Shanghai, Shandong, Tianjin, and Henan with low NLDI are all densely populated regions, while Yunnan, Guizhou, Gansu, and Xizang with high NLDI are all sparsely populated regions. Empirical evidence suggests sparsely populated regions in China tend to be less developed. As a consequence, low night light per capita tends to be associated with high NLDI. To test these hypotheses, we regressed population density and NLDI, and night light per capita and NLDI. Areas with no residents were excluded from the analysis. The best function for the regression was found to be a power function. The regression results are shown in Figure 14 . 
The Regional Inequality of Prefectural Regions
The NLDI of the 354 prefectural cities for 2005 and 2010 is mapped in Figures 15, 16 (see the Appendix of the tabulated data). We found that Jiayuguan City (Gansu Province), Lingshui County (Hainan Province), and Zaozhuang City (Shandong Province) are the three prefectural cities with the lowest NLDI in 2005 and the inferred most equal public services, and these cities have a low NLDI in 2010. Bazhong City (Sichuan Province), Changdu Area (Xizang), and Zhangye City (Gansu Province) are the three prefectural cities with the highest NLDI in 2005 and the most unequal public services. Bazhong City and Changdu Area remain the most unequal in 2010, while the NLDI in Zhangye City was greatly reduced from 0.9456 to 0.5806. Using the definition given by Equation (1) Figures 15 and 16 , the spatial distribution of NLDI at a prefectural scale is similar to that of the provincial scale as shown in Figures 11 and 12 To see the statistical distribution of the NLDI of the 354 prefectural cities, histograms were generated for 2005 and 2010, as shown in Figure 17 . We found that the distribution of the NLDI at the prefectural city scale is not as concentrated as the results at the provincial scale. The number of prefectural cities with very high NLDI (0.8-0.9 and 0.9-1.0) was notably reduced from 2005 to 2010, which contributed to the reduction of NLDI for most of the prefectural cities. As shown in Table 5 , we calculated the number of prefectural cities with NLDI > 0.8 in each province as an index to highlight the distribution of cities with highly unequal public services. There were a total of 25 prefectural cities with NLDI > 0.8 in 2005 and 11 in 2010, showing that the number of prefectural cities with very unequal public services was greatly reduced during this period. These cities are distributed in six provinces for 2005 and four provinces for 2010. For 2005, we found that Gansu, Sichuan, Xizang, and Yunnan have more than four prefectural cities with NLDI > 0.8 for each province. It is notably that there was no prefectural city with NLDI > 0.8 in Gansu province in 2010, despite there having been four such cities in 2005. This finding is highly consistent with the observation that the NLDI of Gansu decreased from 0.7862 to 0.5979, as shown in Table 4 . All the prefectural cities with NLDI > 0.8 are distributed in Southwest China and Northwest China, which are the regions with highest NLDI as shown in Table 3 . 
Conclusions
Uneven development in China has brought a number of social problems such as poverty [68] and family separation [69] , which are obstacles to China's sustainable development. Measuring the regional inequality of China has long been of interest to the social science community. Most of the researches have focused on inter-regional inequality, such as the disparity among different provinces and disparity between Western China and Eastern China. In contrast, less attention has been paid to intra-regional inequality, especially at the city level, because census data is only available as aggregated data for basic units such as the county or city. This study made use of spatially continuous population data and satellite-observed night light data to calculate the Night Light Development Index (NLDI) as an indicator of intra-regional inequality of public services. Although NLDI has already been used for the world and China [56, 57] , our study is the first using regions of multiple scales, in particular at the prefectural city scale, and also for change analysis in China.
The overall finding is that the inequality of public services was reduced in China during the period 2005-2010. This finding was observed at all scales of analysis: China as a whole, the eight economic regions, the 31 provinces, and the 354 prefectural regions. The spatial pattern of this reduction in inequality varies by scale of analysis. At all the economic regions scales, Southwest and Northwest China have the highest NLDI indicating the most unequal distribution of public services, whereas Northern Coast China has the lowest NLDI, indicating the most equal distribution of public services. Similar patterns were found at the provincial scale and prefectural region scale. However, strong contrasts in NLDI values are evident within the individual provinces. For example, Southeast China coastal prefectural regions generally have much lower NLDI values than the immediately adjacent regions. Secondly, although there are several factors likely affecting the regional inequality of public services, we found that night light per capita and population density are two important factors, indicating that regions with higher population density and more public services per capita tend to be associated with more equal public services.
As previous studies have shown that the major contributor to night light is street lighting [59] , reasons behind the lack of night light in populated areas can be summarized as follows: (1) road networks are absent or sparsely distributed in the area; and (2) there is insufficient street lighting. For example, in the mountainous areas such as Southwest China, the cost of road construction is very high and the road network is limited. Population density is also an important determinant, since investment in the road network is not cost-efficient if there are very few people who can take advantage of the road network. Similarly, a lack of street lighting is very common in many poor areas and especially in rural areas, where local government cannot afford the expense. Where resources are limited, development is likely in only limited areas, suggesting an increased likelihood of spatially unequal infrastructure. Thus higher night light per capita may result in more equality of the night light. These explanations indicate that night light is a proxy for public services, which is likely to be more equally distributed in densely populated regions and developed regions. The multi-scale analysis indicated that Southwest China and Northwest China became more equal in public services. This improvement may be a result of the China Western Development Project in which China's central government invested greatly in the infrastructure, educational, health care, and economy of Western China. This project was designed to reduce the East-West gap and intra-regional gap in Western China. The night light analysis shows that the intra-regional inequality of Western China has been indeed reduced. However, the regional inequality of Southwest and Northwest China is still high, indicating that there is a long way to go for the China Western Development Project.
Due to limit of population density grid data, this study only analyzed the regional inequality for 2005 and 2010, so the comparison analysis can be taken only for these two years. As more population density grid data will be made accessible, the dynamics of the regional inequality of different regions at a different scale can be studied, and a more comprehensive picture on regional inequality of China's development can be drawn in future studies.
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